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 Poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) triblock copolymer with 
di-hydroxyl terminated groups (HO-PEO-PS-PEO-OH) was conjugated with 
nitrilotriacetic acid (NTA) via esterification reaction using N,N'-
Dicyclohexylcarbodiimide (DCC), 4-Dimethylaminopyridine (DMAP)  and 
Dimethylformamide (DMF) as a solvent at 80 ○C. The poly(ethylene oxide)-
poly(styrene)-poly(ethylene oxide) with NTA end groups (NTA-PEO-PS-PEO-NTA) 
was characterized and structure confirmed by 1H NMR, 13C NMR, and FT-IR 
spectroscopies. 
 Thermogravimetric analysis (TGA) was carried out to investigate the thermal 
stability of the starting triblock copolymer poly(ethylene oxide)-poly(styrene)-
poly(ethylene oxide) with di-hydroxyl terminated groups (HO-PEO-PS-PEO-OH) and the 
conjugated poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) functional polymer 
(NTA-PEO-PS-PEO-NTA). Surface morphologies of the (HO-PEO-PS-PEO-OH) and 
ii 
 
(NTA-PEO-PS-PEO-NTA) were studied by atomic force microscopy. In addition, the 
size distributions were determined using dynamic light scattering. The thermal behavior 
of the (HO-PEO-PS-PEO-OH) and (NTA-PEO-PS-PEO-NTA) were examined by 
differential scanning calorimetry (DSC). DSC thermograms indicate the formation of a 
two phase polymer matrix. 
 The poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) with NTA 
functionalized end groups (NTA-PEO-PS-PEO-NTA) was bound or chelated with Ni(II) 
metal ion. The binding studies were carried out by ultraviolet-visible (UV-Vis) 
spectroscopy. 
  The electronic behaviors of PEO-b-PS-b-PEO/ PS/ NTA-PEO-b-PS-b-PEO-NTA 
with ratio (1/5/1) and PEO-b-PS-b-PEO/ PS/ NTA-PEO-b-PS-b-PEO-NTA-Ni containing 
1% of oxidized single-walled carbon nanotubes (SWCNTs) were investigated by I–V 
plots from Kelvin sensing. The I–V plots before sensitizing with protein varied from the 
I–V plots after binding with protein indicating that the composites may be used as active 
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Biochemical and microbiological applications have been growing in areas such as 
pharmaceuticals, food industries, water treatment, power sources, and the petrochemical 
sector.  Fermentation plays an essential role in biotechnological methods for generating 
raw materials, controlling cell population and products sustaining a robust system.1 In 
biotechnological processes, it is essential to have in place methods for effective 
determination of products and byproducts  efficiently and one approach is use of 
biosensors fort this purpose. Nowadays, to determine the biological molecules and 
substrates, many biosensors have been developed for utilization in food manufacturing, 
clinical use, or used for selected environmentally friendly purposes.2 The first biosensor 
was used and invented by Clark and Lyons in 1962.3 The IUPAC description of the 
biosensor was presented in 1999 to 2001.4-6  
A biosensor is an analytical device that can convert the concentration of analytes 
into an electrical signal by using a mixture of biological response and physicochemical 
transducer.7, 8 The interaction is measured by the transducer which outputs a readable 





The common purpose of designing a biosensor is to allow fast, appropriate testing at the 
point of concern where the sample was obtained. 
Biosensors are promising to offer a low-priced and strong substitute to 
conventional analytic approaches for examining chemical or biological species in 
complex matrices. Biosensors can do this by being capable of distinguishing the objective 
analyte from a host of inactive and possibly interfering species without the obligation for 
separating and, consequently, recognizing all the components of the sample.9-10 
According to the basic principles of signal transduction and bio-recognition components, 
biosensors can be classified into five elements or types (Figure 1). The biosensor works 
starting with the bio-recognition element (nucleic acids, cells, antibodies, enzymes, 
biological tissue, organic molecules, membranes or organelles) replies to the objective 
compound and the transducer exchanges the biological response to electronic signal, that 
can be measured visually, acoustically, mechanically, calorimetrically, or electronically, 
and then linked with the analyte’s concentration. There are three kinds of binding 
between the detecting element and the analyte. First, if the binding is identified, then the 
biosensor is defined as an affinity sensor. Second, if the interaction is followed by a 
chemical variation and the concentration of one of the substrates or products is measured, 
the biosensor is defined as a metabolism sensor. Eventually, if the signal is formed after 
the binding without any chemical varying, but then converting an assisting substrate, the 




Figure 1. Typical biosensor elements9 
Clark and Lyons invented the first biosensor in (1962)3 which was used to 
determine glucose concentration in biological samples by the approach of 
electrochemical detection of hydrogen peroxide or oxygen via immobilized glucose 
oxidase in the electrode. Also, the first potentiometric biosensor to identify urea was 
reported in 1969 by Guilbault and Montalvo, Jr.12 Moreover, the first commercial 
biosensor was developed in 1975 by Yellow Spring Instruments Company analyzer used 
Clark’s method which can measure the glucose directly.13 Since that time, incredible 
growth has been made in both technology and applications of biosensors with advanced 
methods including electrochemistry, nanotechnology to bioelectronics, and the 
introduction of the newer biosensors to the commercial market has increased 
significantly. 
There are eight factors to characterize biosensors: sensitivity, selectivity, dynamic 
range, response time, reproducibility, detection limit, lifetime, and stability. First, 
sensitivity is defined as the response of the sensor output to the change in analyte 
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concentration for each unit. Second, selectivity is the capability of the sensor to respond 
to the objective analyte, and the deficiency of response to other noisy chemicals is the 
preferred advantage. Third, dynamic range or linearity is defined as the range of 
concentration over the sensitivity of the sensor. Fourth, response time is the time 
necessary for the sensor to show 63% of its final molecule in the primary coordination 
sphere response as a result of changing analyte concentration. Fifth, reproducibility is the 
precision through which the sensor’s result can be gained. Sixth, the detection limit is the 
minimal concentration of the analyte that can find a measurable response. Seventh, 
lifetime is the period over which the sensor can be used without considerable 
deterioration in performance features. Finally, stability describes the change in its 
reference line or sensitivity over a specified period of time.11 
 Affinity chromatography is widely accepted and used as a device in biomedical 
research and biotechnology. However, the potential of this technology continues to 
stimulate continued development and new applications.14,16 Affinity chromatography is 
widely recognized and used as a device in biomedical and biotechnology investigation 
and frequently selected to purify biomolecules because of its outstanding quality, the 
comfort of a process, yield, and productivity. Furthermore, pathogens have the capability 
to be eliminated by affinity chromatography, which is required if the disinfected 
biomolecules are to be applied in medical applications. The lucidity and retrieval of 
objective biomolecules are organized by the quality and binding persistent of the affinity 
ligand. Overall, the association coefficients of affinity ligands used for biomolecule 
purification range from (103 – 108 M-1)15. An antibody is a common ligand used in 
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affinity purifications. Moreover, there are more affinity ligands, for examples: 
biomimetic dye-ligands, DNA, proteins, and small peptides have been applied based on 
their polarity and volatility (Figure 2).16 
 
Figure 2. Image shows that a wide variety of molecules can be purified by affinity 
chromatography16 
The complex mixtures for large biomolecules in affinity chromatography consist 
of the three agents for the purification and separation: matrix (support), spacer arms, and 
ligand. First, the matrix (support) materials in affinity chromatography are comprised of 
porous support materials such as agarose, polymethacrylate, polyacrylamide, cellulose, 
and silica. These materials are readily available in the market and are obtainable in a 
range of particle and pore sizes. Some matrixes are available with affinity ligands already 
immobilized (for examples: protein A, Cibacron Blue, heparin). Additional kinds of 
matrix materials available include nonporous and monolithic supports, membranes, flow-
through beads, and expanded-bed adsorbents (EBA).  
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Numerous factors must be considered when selecting matrix materials and the 
factors include chemical solidity, chemical and mechanical stability, pore and particle 
size.16 The chemical solidity of the matrix material require that the affinity packings bind 
only the molecule of concern and have slight or no nonspecific binding. However, the 
quality is correlated to the affinity ligand immobilized on the matrix; the properties of the 
matrix should be selected to end the non-specific binding of additional molecules. 
Matrixes must have a slight zero or non-specific binding. Then, inert matrix materials 
must be chemically hydrophilic. Furthermore, most separations are accomplished in low 
ionic strength media. Consequently, the number of charges on the matrix must be 
decreased to avoid non-specific ionic exchanges.  
Second, spacer arm is frequently integrated between the matrix and ligand to 
enable effective binding and to generate a more effective and improved binding 
environment, because of binding spots of the objective molecule are sometimes hard to 
access because of steric hindrance. The spacer arms are utilized when joining molecules 
less than 1000 Da (Figure 3). 
 
Figure 3. Chromatogram presenting preferable binding and elution when spacer arms are 
presented between the ligand and matrix16 
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Ligands used can be antibodies, dye-ligand and biomimetic dye-ligands, DNA, 
RNA, and Peptide. The significant benefits of using affinity ligands are that they are 
inexpensive and have high degree of stability. Covalent immobilization is one of the most 
common methods of appending an affinity ligand to a solid matrix material. There is a 
wide range of coupling chemistries when considering covalent immobilization methods: 
Amine, sulfhydryl, hydroxyl, aldehyde, and carboxyl groups have been utilized to 
connect affinity ligands on matrix materials. 
Block copolymers have been utilized as useful components in biosensors and 
other nano-scale devices during the past two decades.17 Polymeric materials 
functionalized with proper bio-specific ligands have been proven to be efficient in 
targeted drug-delivery and as the active component in biosensors. 
NTA is often engaged as a chelating and sequestering agent as a component of 
cleaner structures. The facile formation of homometallic complexes hinders the synthesis 
of hetero-polyatomic complexes. Alternately the heterometallic complexes have been 
synthesized with the aid of metal complexes having free Lewis basic sites as 
precursors.18, 19, 20 These free sites are also termed as structure directing groups.  The 
metal-metal interaction imparts specific physicochemical properties to the hetero-
polyatomic complexes for which have applications in molecular magnetism,21 
luminescence,22 catalysis23 , and sorption.24  Additionally, they have unique magnetic 
properties and are capable of behaving as single chain magnets,25 single-molecule 
magnets (SMM),26 single ion magnets (SIM),27 spin glass magnets28 and spin coated 
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magnets.29 The field of molecular magnetism encompasses scientific areas like material 
science, physics, biology, and chemistry.30  
Nitrilotriacetic acid acts as a tetradentate aminopolycarboxylic acid ligand which 
binds specifically to polyvalent metal ions to form stable complexes which are water-
soluble. They find broad application in degradation of waste materials31 as well as 
removal of metal ions from the metabolic and aqueous system.32  It is an aliphatic 
multicarboxic ligand which is aliphatic, flexible and highly specific towards different 
polyvalent metal ions. The rotation of the molecule around the carbon-carbon single bond 
imparts felicity to the molecule. It has gained particular significance in the technique 
associated with the purification of proteins called Immobilized Metal-ion Affinity 
Chromatography (IMAC).33 
The nitrilotriacetic acid consists of one tertiary amine and three similar carboxylic 
groups which can behave as coordinating groups. Scheme 1 shows it is a chelating agent 
where the methylene groups have two electron withdrawing amino and carboxyl groups 
on both sides. The metal ions arbitrate the formation of reversible coordination bonds 
between the water, buffer ion or protein ligand and nitrilotriacetic acid. Binary or ternary 
coordination complex formed by nitrilotriacetic acid and transition metals are generally 
carried out in slightly basic or neutral medium, and hence the ligands behave as 
deprotonated acids (NTA3-).34 The deprotonated structure can form different conformers 
























The octahedral complex of meta-NTA  
Scheme 1. Structure of nitrilotriacetic acid and octahedral of metal-NTA 
 








Graff et al35 attempted to attach proteins in a controlled manner without hindering 
their activity on the sidewall of the nanotubes. They introduced a linker on the protein 
molecule which had the capacity to identify the functional groups on the nanotubes. They 
reported the self-assembly of proteins tagged with polyhistidine on the single-walled 
carbon nanotubes coupled with nickel-nitrilotriacetic acid. The reaction was carried out 
with nanotubes having carboxylic acid for functionalization with nitrilotriacetic acid with 
nickel(Ni) followed by binding with recombinant proteins. The sidewall of the nanotubes 
has been functionalized with NTA-functionalized lipids in a non-covalent manner.36 
However, the presence of excess lipid in the solution binds to the recombinant protein 
and hinders it from getting attached to the nanotubes walls. As histidine has a high 
affinity for nickel a polyhistidine tag was produced on the carbon as well as the hydrogen 
terminus of the protein. Thus the free recombinant proteins were allowed to bond with 
Ni-NTA –agarose resin where the histidine forms a complex which is removed by the 















































Scheme 2. The reaction of functionalization of single-walled carbon nanotubes by Ni-
NTA35 
Peneva et al37 reported the synthesis of a dye by complexation with nitrilotriacetic 
acid. The water-soluble dye perylene(dicarboximide) was bonded to NTA coordinated 
with nickel ions. The complex consists of a short spacer of two methylene groups 
between the dye and the NTA complex. The presence of Ni2+ ion does not affect the 
photophysical properties of the chromosphere. The synthesized fluorescent complex is 
sufficient for protein labeling based on its small molecular weight. The interactions 
between the proteins can be studied with the aid of the complex. The authors synthesized 
the complex both in liquid state and solid-state approach.   
Bonin et al38 carried out a study on the structure and thermodynamic stability of 
complexes formed by nitrilotriacetic acid with actinide (IV) series. They used analytical 
as well as simulation techniques which gave an insight into the coordination chemistry of 
the complexes in solution. They also carried out a comparative study of the complexes 
formed by a series of actinides with nitrilotriacetic acid which revealed the coordination 
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behavior of the complexes. The coordination number is 8 for Np(IV) and Pu(IV), while 
the coordination number for Th(IV) and U(IV) is 9 for the cation in [An4+](NTA)2 
complexes. The coordination number increases to 9 due to the presence of an additional 
water molecule in the initial coordination sphere which has been proved by DFT and the 
calculation of stability constants. The structure of the complex solvate is represented in 
figure 5. 
 
Figure 5. The structure of the [An4+](NTA)2 complex
38 
They reported that the polyhedron formed by the cation gets deformed as we 
move from Th to Pu and the nitrogen atom in the complex is coordinated weakly in the 
solution state. The NTA ligand of uranium is represented as 3+1 chelate where the 
uranium forms a distorted tricapped trigonal prism in the solid-state, and the capping 
positions are occupied by one oxygen atom along with two nitrogen atoms.  
The nitrilotriacetic acid can coordinate through a covalent bond to hexahistidine-
tagged proteins under the condition that pH should be greater than 6. June et el39 reported 
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the design of macromolecules consisting of histidine imidazole ring with the aid of a 
nitrilotriacetic linker to peptide transaction domain. The peptide transaction domain 
(NTA3-PTD) had the capacity to form a non-covalent bond at the required pH and was 
shown to be effective in the cellular activities. These complexes were capable of 
delivering in vivo and in vitro the hexahistidine-tagged proteins to the desired cells 
(Figure 6). 
 
Figure 6. A covalent bond is formed between the metal ion and imidazole ring39 
Gautrot et al40 used the nickel-nitrilotriacetic acid ligands in order to functionalize 
poly(oligoethylene glycol methacrylate) (POEGMA) brushes which has the capacity to 
bind selectively to histidine-tagged proteins. They also functionalized poly(hydroxyethyl 
methacrylate) (PHEMA) with NTA and conducted a comparative study of the levels of 
green fluorescent proteins tagged by histidine (His-GFP). The polymer brushes composed 
of PHEMA and POEGMA demonstrate high resistance non-selective binding of proteins 
and cells based on their grafting density and the chemical structure of the neutral 
polyethylene glycols.41 The protein-protein interactions like enzyme-substrate interaction 
and antibody-antigen interactions can be studied due to the specificity of the NTA-
14 
 
POEGMA brushes. The proteomic analysis can be conducted correctly as non-specific 
interactions are hindered due to the brush coated surfaces. The enzyme activity was 
retained for a longer duration due to the generation of a hydrophilic microenvironment 
and specific coupling of histidine-tagged Ni-NTA complexes. The immobilization of the 
enzymes creates active sites which act catalytically due to the high loading of the 
complexes on the brushes. The bifunctional patterns required for cell studies can be 
created by micropatterning the polymer brushes which aids in the study of the response of 















































Scheme 3. The reaction of NTA with polymer brushes40 
Khalil et al42 synthesized a class of ternary complex using transition elements 
along with nitrilotriacetic acid and alanine for which they conducted a detailed study 
which included thermal analysis and characterization of the complexes. The reaction was 
carried out in a slightly acidic medium. The complexes reacted with sodium bicarbonate 
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to release carbon dioxide and decomposed thermally before melting. The complexes 
formed octahedral structure along with the presence of two water molecules which are 
coordinated to the metal. The zwitterionic form of HNTA2- is more predominant within 
the pH range of 2.8 to 4 which has three coordination sites of one nitrogen atom and two 
COO- and behaves as a tridentate ligand. Similarly, alanine and phenylalanine also exist 
in their zwitterionic form within the pH range and coordinate through its oxygen present 
in the carboxylate anion. Thus the amino acids behave as a monodentate ligand in the 















Figure 7. The structure of [M(HNTA)(alaH)(H2O)2]
42 
Cho et al43 designed a complex of nitrilotriacetic acid with a polymer which was 
nitrilotriacetic acid end-functionalized polystyrene (NTA-PS) which can be used for the 
controlled bioconjugation with the green fluorescent proteins marked with histidine 
(His6-GFP). The solubility, biocompatibility and stability of proteins can be increased by 
combining the protein molecules to the terminal groups of a polymer. These complexes 
have wide applicability in the field of biotechnology and pharmaceutical industries as 
enzyme immobilization and biosensors.44 Additionally, the proteins conjugated with 
synthetic polymers exhibit different phase behavior and self-assembly behavior. The 
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precursor used by the group was NTA protected by tertiary butyl group where they used 
the atom transfer radical polymerization process for synthesizing NTA-PS. The tertiary 
butyl groups were finally removed after the formation of products. The spherical 
aggregates of polystyrene with Ni-NTA end group and NTA end group were produced in 
an aqueous system by the solvent evaporation method. The formation of a reversible 
complex between Ni-NTA and His-GFP was prevented by addition of imidazole in an 
excess amount which was observed by fluorescence microscopy. The authors reported the 
formation of micelles with Ni-NTA-PS and His6-GFP in a solution of DMF and water, 







































































R1=H, R2 = CH3  
Scheme 4. Synthesis of Ni-NTA-PS43 
The collective oscillation of the electrons on gold and silver nanoparticles induces 
colors in their aqueous solution due to surface Plasmon resonance in the visible range 
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making them viable for application as diagnostic sensors.45 The gold and silver 
nanoparticles have an affinity towards ligands containing thiols. Swartz et al46 
immobilized PEGylated NTA thiol on the surface of the gold and silver nanoparticles to 
obtain Ni(II)NTA gold and silver nanoparticles. The nanoparticles were characterized by 
SEM, TEM, DLS and UV-Visible spectroscopy. They demonstrated its application as a 
specific colorimetric diagnostic for the proteins rich in histidine. They reported that it was 
an effective colorimetric reagent for malaria RDT since the particles assemble in the 
presence of biomarker PFHRP-II for malaria and poly(L-histidine). The complex formed 
with the nanoparticles is thermally stable over different environmental conditions. 
Scheme 5 outlines the synthesis of PEGylated NTA thiol and scheme 6 is shown the 
preparation of NTA-thiol ligand. 
 













































Scheme 6. The preparation NTA-thiol ligand46 
Wegner et al47 put forth a modified study by substituting nickel with cobalt which 
was used as an inert mediator ion between His6-tag protein and nitrilotriacetic acid. They 
tried to modify the limitations associated with a Ni2+ molecule with lower affinity 
between the His-tag protein and NTA which ranges within a micromolar scale, rapid 
exchange of ligands due to the formation of kinetically labile complexes and interference 
by chelators like ethylenediaminetetraacetic acid and imidazole molecule. The group 
reported that the Co3+ formed a thermodynamically stable complex, exhibited as an 
effective mediator between the NTA and His6-tag proteins and was found to be inert 
towards the reducing agents or chelators. The Co3+ ion forms a low spin octahedral 
paramagnetic complex which makes them sluggish for exchanging the ligands in their 
primary sphere of coordination. The formation constants of Co3+ complex were higher as 
compared to that of Co2+ and Ni2+ complexes. Another asset was that the complexes can 
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be easily removed from the unmodified protein due to less affinity of the complexes 
towards the NTA columns (Figure 7). The proteins can be immobilized in a stable 
manner on the surfaces of the nanomaterials by this process.   
 
Figure 7. Schematic representation of complexes mediated by Co3+ and Co2+ 47 
There are different techniques like chemical bonding and physical embedding 
which are used for loading drug composed of protein into the polymeric nanocarriers.48 
An effective approach of chemical bonding is to link the proteins to the polyethylene 
glycol chains.  
Additionally, protein conjugated with polymers further assembles on their own to 
form nanoparticles. Li et al49 functionalized nanogels with nitrilotriacetic acid and 
phenylboronic acid which was used to trap and carry the insulin molecule and released at 
the required site. The structure of insulin consists of two chains of proteins linked by the 
sulfur–sulfur bond. One of the protein chains has a histidine imidazole group on it. Since 
many complexes have been formed due to the strong interaction between His-6 tag 
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protein and transition metals chelated with NTA, the authors used the NTA consisting 
nanocarriers for both loading and delivery of insulin. They synthesized nanogels by 
functionalizing NTA with poly(N-isopropylacrylamide) along with phenylboronic acid 
which was utilized as nanocarriers. The response towards glucose was obtained through 
phenylboronic acid (Scheme 8).50 The NTA was coordinated with Zn(II) metal which 
acted as a medium for the loading of insulin into the nanogels.  
 
Scheme 8. Schematic representation of the insulin-loaded into nanogels through NTA–
Zn(II)49  
1. Single-Walled Carbon Nanotubes (SWCNTs): 
1.1 Introduction: 
 Single-walled carbon nanotubes (SWCNTs) can be described as long, hollow 
cylinders composed of atomic carbon sheets with large ratios arranged in a honeycomb 
lattice.51 SWCNTs are characterized by unique mechanical, thermal and electrical 
properties, which make them one of the most popular nanomaterials.52 This section seeks 
to evaluate the physio-chemical characteristics of SWCNTs through descriptions of the 
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electronic, optical, structural, thermal, and mechanical properties of these one-
dimensional nanomaterials. Carbon nanotubes continue to be an important area of interest 
for research mainly based on their rising potential for application as well as of their novel 
properties and phenomena.53 Due to their rising application and use in scientific fields, 
there is a need for more research in the diverse application areas such as molecular 
electronics, energy storage, and composites among others. 
1.2 Structure: 
 Similar to the fullerenes, the single-walled carbon nanotubes are classified as an 
allotrope of the sp2 hybridized carbon. The structure of SWCNTs is first identified 
through its cylindrical tube-like shape with ringed carbons, with a fullerene structure or a 
buckyball hemisphere covering each end of the cylindrical tubes (Figure 8).54 The 
nanotube chirality map concept determines the critical properties of SWCNTs; hence, its 
familiarity is essential for the understanding of their structure.55 The chirality map 
concept is used to envision SWCNTs, which is outlined as a graphite sheet that is one 
atom thick that is rolled into a tube-like shape.56 The carbon nanotubes are classified as 1-
dimensional because of their diameter, which lies in the range of the nanometer, and a 
length that usually goes beyond the microns, which sometimes extend to centimeters.57 
When positioned in a magnetic field, the cylindrical topology of SWCNTs gives them the 
characteristic of nonintuitive quantum phenomena because of the Aharonov-Bohm 
effect.58  
 The SWCNTs are also characterized by microscopic atomic symmetry and 
arrangements that cover a wide energy scale spectrum.59 They also have variations in 
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their band gaps hence they could be either metallic or semiconductors, mainly depending 
on their diameter as indicated by the chirality map concept (Figure 9).60 In metallic 
SWCNTs, the diameter of the tubes is not influenced by the band gaps unlike the 
semiconducting ones, which have diameter-dependent band gaps that make them useful 
for application in photonic devices. The dimensional constraints, as well as a chemical 
structure of the nanotubes, are the key factors that influence their electrical, mechanical, 
thermal and optical properties.61 Note that there are different levels of lengths, purities, 
and all types in a range of SWCNTs that influence their functionality and applications.62  
 




Figure 9. SWCNT rope by TEM image63 
1.3 Properties: 
 SWCNTs are characterized by both metallic and semiconducting properties 
depending on their orientation to the lattice. In this case, the chiral nanotubes are 
characterized by either metallic or semiconducting properties while the zigzag armchair-
like shape ones usually exhibit metallic properties only (Figure 10).64 As a result, they 





Figure 10. Diameters and Helicities of SWCNT82 
 Mechanical properties: The mechanical properties of individual SWCNTs include 
their strength, which exceeds that of steel.65 The calculated tensile strengths of SWCNTs 
have been found to be 100 times higher than that of steel, and this is possibly due to the 
defects in its structure.66 However, the mechanical properties may possess a significant 
variance depending on the axis upon which it is measured. Hence, the tensile strength is 
likely to be high along the longitudinal axis, but the value may fall to lower magnitudes 
along the radial axis. 
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 Electrical properties: The individual SWCNTs possess a higher current carrying 
capacity as compared to those of gold and copper.67 The semiconducting species are also 
characterized by higher electron mobility especially when compared to silicon.68 Their 
electrical properties are mainly dependent on their orientation to the lattice hence 
resulting in their ability to show both metallic and semiconducting properties. 
 Thermal properties: At moderate temperatures, the SWCNTs material may have a 
high thermal conductivity that is comparable to that of in-plane graphite or diamond.69 
Since these two are popularly known for their extremely high thermal conductivity at 
room temperature, this characteristic gives SWCNTs their extreme anisotropy.70 The 
thermal conductivity along the tube length may also be being nine times higher than that 
of copper.71 However, their thermal property is more likely to be affected significantly by 
the existing defects along the tubes. 
 Optical properties of SWCNTs are known for their discrete fluorescence 
absorption and optical absorption based on the chirality map concept spectrum.72 
Therefore, coatings that are formed using SWCNTs are incredibly transparent in the IR 
regions of the optical absorption spectrum.73 As a result, SWCNTs are an ideal candidate 
for use as a transparent conductor, solar cells, displays and electroluminescent lightings 
among other applications.74 
1.4 Polymer/Carbon Nanotube Nanocomposites: 
 SWCNTs are also characterized by a large aspect ratio that makes them useful in 
several polymer-based nanocomposites. This ratio is a key determinant of the low 
percolation threshold for the advancement of its structural properties as well as its 
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electrical conductivity.75 The strength of SWCNTs is significantly improved through 
their addition to polymeric matrices, which in turn leads to a reduction in its elongation 
value at break.76 Consequently, the electrical conductivity of the metallic and 
semiconducting SWCNTs is also increased through adding them to the insulating 
polymeric matrices.77 Fillers have a larger aspect ratio as compared to SWCNTs hence 
they are characterized by lower percolation threshold in their electrical conductivity.78 
This characteristic further enhances the structural and mechanical properties of the 
polymeric matrix as compared to the spherical fillers. According to the percolation 
theory, the aspect ratio, concentration and electrical conductivity of fillers have a 
significant influence on the electrical characteristics of the polymeric nanocomposites.79 
In order to achieve electrical conductivity, carbonaceous nanostructures are usually added 
to the polymer-based nanocomposites with a maximum percolation threshold.80 Also, 
note that polymers are mostly characterized by poor thermal conductivity, as well as a 
natural degradation whenever there is a temperature change.81  
 SWCNTs are an excellent example of materials with outstanding properties. A 
synthesis of these properties indicates that SWCNTs are applicable in various aerospace 
areas, based on their high optical transmission and electrical/thermal conductivity. They 
have a unique combination of properties that also make them useful for exploitation in 
various molecular device applications. Despite the enormous amount of research on 
SWCNTs, there is a disappointment yet regarding their technological exploitation and 
application. The reason for this may be due to the current challenges that accompany 
their commercialization efforts. Fortunately, the understanding of their practical uses 
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seems to have gathered some momentum especially due to the recent substantial progress 
in its major application areas. 
2. Synthesis of Triblock copolymer Poly(ethylene oxide)-Poly(styrene)-Poly(ethylene 
oxide) with di-hydroxyl terminated groups: 
Triblock copolymer poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) with 
di-hydroxyl terminated groups were prepared by following a procedure by Omotude el 
al.92 The triblock copolymer was synthesized by living anionic polymerization and using 
α-methylstyrene, potassium di-initiator. 
 
Scheme 9. Synthesis of poly(ethylene oxide)-b-poly(styrene)-b-poly(ethylene oxide) 
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3. Motivation of the dissertation work: 
The main objective of my work is to synthesize a NTA difunctionalized 
poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) triblock copolymer, The  NTA 
functionalized polymer is to be synthesized from the precursor di-hydroxyl functionalized 
poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) (HO-PEO-PS-PEO-OH) triblock 
copolymer by esterification. Following synthesis of the NTA polymer, binding studies 
with Ni(II) as a chelating metal ion was carried out to obtain the triblock copolymer-Ni 
complex (NTA-PEO-PS-PEO-NTA-Ni). The need is to have an inexpensive and simply 
processable polymeric component for bio-sensing in particular and the semiconductor 
manufacturing in overall. The new synthesis component has the potential not just because 
of their intrinsic electronic properties, but because of the substitution in the 4-positions 
which means better solubility in the organic solvent DMF.  
 The second part was to characterize the functionalized polymer using FT-IR, 1H 
NMR, and 13C NMR to confirm the structure of the product. The morphology of the 
surface has been examined by AFM instrument. In addition, the thermal stability was 
studied by TGA and DSC instruments. Moreover, the binding between Ni(II) metal ion 
and (NTA-PEO-PS-PEO-NTA) have been carried out by UV-Vis to check for biospecific 
and/or bioselective binding characteristic. Finally, electronic behavior of the 
nanocomposite of the material with/and without protein (zinc finger protein 2) (ZIC2) 







 Poly(ethylene oxide)-b-poly(styrene)-b-poly(ethylene oxide) with di-hydroxyl 
terminated groups (HO-PEO-PS-PEO-OH) were synthesized in our research group and 
samples were available for this study.92 Nitrilotriacetic acid (NTA) was purchased from 
Sigma Aldrich chemical company, Milwaukee, WI, USA, N,N'-
Dicyclohexylcarbodiimide (DCC) and 4-Dimethylaminopyridine (DMAP) were 
purchased from Sigma Aldrich Chemical Company, Milwaukee, WI, USA. Nickel(II) 
sulfate hexa-/ hepta-hydrate (NiSO4.7H2O) and single-walled carbon nanotubes with 0.1 
– 1.3 nm diameter, and the carbon nanotubes composed of > 90% carbon with 70% 
existing as SWCNTs, were purchased from Sigma Aldrich chemical company, 
Milwaukee, WI, USA.  Dimethylformamide (DMF) acquired from Sigma Aldrich, was 
dried and purified before use. The other chemicals were purchased from Sigma Aldrich 
and used as received without any further purification such as calcium hydroxide, 
deuterated dimethylformamide (d-DMF), dichloromethane (DCM), sodium metal, ACS 
grade methanol, benzophenone, 99% deuterated chloroform (d-CHCl3) The glassware 
was cleaned and dried in the oven before use. The esterification reaction was conducted 
under a nitrogen atmosphere. 
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2. Materials Purification:  
  Triblock copolymer poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide)  
DCC and DMAP were purified and dried by using freeze-drying for 5 hours. High purity 
nitrogen gas was further dried by flowing via a gas filter column filled with molecular 
sieves and an active drying and moisture absorbing agent.  
2.1 Solvents: 
 Dimethylformamide was purified by stirring over calcium hydride powder for 24 
hours in order to remove any water from the solvent. Using a high vacuum line DMF was 
distilled before used. After that, DMF was collected via vacuum distillation directly into 
a round bottom flask as receiver. The flask was sealed with a glass stopper and kept in a 
dry place or used immediately as the reaction condition needed. 
 The solvent THF was purified by refluxing with sodium metal and benzophenone 
as an indicator. The dark purple color of the benzophenone radical anion indicated ultra-
dry solvent. The dry solvent was distilled directly into the reaction flask. 
3. Instrumentations:  
3.1 Proton and Carbon Nuclear Magnetic Resonance Spectroscopy: 
 Proton and carbon NMR (1H-NMR, 13C-NMR) spectra in solution state were 
obtained using a Bruker 400 MHz spectrometer at room temperature with deuterated 
dimethylformamide (d-DMF) and deuterated chloroform (d-CHCl3) as the solvent. The 
1H NMR spectra were referenced to the d-DMF at δ2.75, δ2.92, and δ8.02 ppm and also 
referenced to deuterated chloroform (d-CHCl3) at δ 7.26 ppm. 
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3.2 Fourier Transform Infrared (FT-IR) Spectroscopy: 
 A Perkin-Elmer Spectrum model 1600 FT-IR spectrometer was used to verify the 
functional groups of poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) with di-
hydroxyl terminated groups (HO-PEO-PS-PEO-OH), NTA, oxidation of SWCNT, and 
the final synthesis product respectively. All samples were prepared by using the 
potassium bromide (KBr) pellet method.  
3.3 Differential Scanning Calorimetry (DSC):  
 Differential scanning calorimetry of  the samples poly(ethylene oxide)-
poly(styrene)-poly(ethylene oxide) with di-hydroxyl terminated groups (HO-PEO-PS-
PEO-OH), and poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) with NTA 
terminated groups (NTA-PEO-PS-PEO-NTA) were carried out on a TA instruments DSC 
Q2000 at a heating rate of 10°C per minute and cooling rate was 5 °C per minute  
between the temperature ranges of -60 °C to 300°C. The DSC was calibrated using 
Indium under a nitrogen gas atmosphere. The samples (ca. 7–10 mg) were weighed and 
sealed in Tzero hermetic aluminum sample pans. All samples were quenched cooled 
before obtaining the thermograms. The samples were heated to 300°C and cooled to -60 
°C before obtaining the heating cycle at 10 °C. The glass transition temperatures were 
reported from the second heating cycle. The heating rate in the first and second heating 
cycles stayed the same. 
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3.4 Thermogravimetric analysis (TGA): 
 Thermogravimetric Analysis, TGA, was carried out in the air with TA Instrument 
Q50 to determine polymer decomposition temperature. The samples were heated to 900 
°C at a heating rate of 10°C/minute with platinum pans used as a reference. 
3.5 Ultraviolet-Visible Spectroscopy (UV-Vis): 
 UV-Vis absorption spectra were measured with a DU 800 UV-Vis-NIR 
Spectrophotometer for binding studies. Poly(ethylene oxide)-poly(styrene)-poly(ethylene 
oxide) with NTA terminated groups (NTA-PEO-PS-PEO-NTA) sample with Ni and the 
other sample nickel(II) sulfate hexa-/ hepta-hydrate solution  (1 mg/ 5 ml) were prepared 
using spectrophotometric grade DMF. Both solutions were prepared and filtered directly 
into glass cuvette for analysis. 
3.6 Dynamic Light Scattering (DLS): 
 Light scattering analysis was carried out with the DynaPro Nanostar from Wyatt 
Technology at 25°C and samples were prepared in HPLC grade DMF by dissolved 1 mg 
of DMF in each 1 mg of each poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) 
with di-hydroxyl terminated groups (HO-PEO-PS-PEO-OH), and poly(ethylene oxide)-
poly(styrene)-poly(ethylene oxide) with NTA terminated groups (NTA-PEO-PS-PEO-
NTA) in 1 ml of DMF to determine hydrodynamic radius. Prior to use, the samples were 
filtered with 0.10 um Whatman syringe filters. The analysis was done in a quartz cell 
cuvette. In all of the DLS analyses, three measurements were completed, and the values 
were then averaged. 
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3.7 Four Point Probe Electrical Resistivity Measurement: 
 Electrical resistivity measurements of a series of NTA-PEO-b-PS-b-PEO-
NTA/SWCNT composites were carried out using the four probe technique to obtain their 
current (I)-voltage (V) characteristic curves (I-V curve). I-V curves of an electrical 
device or component are a set of graphical curves, which are used to define its operation 
within an electrical circuit by showing the relationship between the current flowing 
through a device and the applied voltage across its terminals. The I-V characteristic 
curves for SWCNTs can show linear or nonlinear behavior, which respectively indicates 
the SWCNTs are behaving as an ohmic conductor or semiconductor. 
3.8 Atomic Force Microscopy (AFM): 
  A Bruker Instrument Atomic Force Microscope (AFM) was used to image the 
composite films using the non-contact mode. Atomic force microscopy provides higher 
resolution data with demonstrated resolution in the order of fractions of a nanometer.  
4. Experimental Synthesis and Procedures: 
4.1 Triblock copolymer poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) 
conjugated with NTA: 
 To describe the experimental procedures that was used and the reaction of 
esterification takes place on a three-round bottom flask contains Poly(ethylene oxide)-
Poly(styrene)-Poly(ethylene oxide) with di-hydroxyl terminated 0.1g (0.006 mmol) with 
0.0125 g (0.06 mmol) NTA, 0.004 g, (0.018 mmol) DCC and 0.0003 g (0.0009 mmol) 
DMAP were added to round bottom flask.  The flask was attached to a vacuum line and 
the contents dried for 5 hours. (20 ml) of DMF was added to the flask by distillation 
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through the vacuum line and the vacuum was released under nitrogen. The reaction was 
stirred for 24 hours at room temperature.  
 Dichloromethane (10 ml) was added to the reaction mixture to form a two phase 
system. The lower layer contained the functionalized polymer. The top layer was 
contained of NTA salts which were formed from the excess NTA. The lower layer was 
filtered and pure polymer was recovered by precipitating twice into hexanes and 
methanol. The product was a white powder with yield was > 80% (Scheme 10).83 
 
Scheme 10. Synthesis of NTA functional poly(ethylene oxide)-poly(styrene)-




4.2  Binding of Ni2+ metal ion to NTA Functionalized end group in Triblock 
copolymer Poly(ethylene oxide)-Poly(styrene)-Poly(ethylene oxide) complex: 
 A round bottom flask equipped with magnetic stirrer was filled with 0.7 g of 
nickel(II) sulfate hexa-/ hepta- hydrate (NiSO4.7H2O). The round bottom flask was 
evacuated and backfilled with argon gas three times. NTA was added with 0.9 g and 
evacuated and backfilled with argon gas three times. In addition, 10 mL of DMF was 
added to the reaction and stirred at 60 OC overnight or until no granular (NiSO4.7H2O) 
was observed to afford a green colored solution or suspension. The reaction was allowed 
to cool to room temperature and then transferred to another round bottom flask. Next, 
0.05 g of poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) with NTA terminated 
groups (NTA-PEO-PS-PEO-NTA) was added to the reaction with a magnetic stirrer at 60 
OC overnight then purified and filtered and dried in oven overnight.84 
4.3  Oxidation of Single-Wall Carbon Nanotubes SWCNTs: 
 The oxidized single-wall carbon nanotubes SWCNTs starting with SWCNT was 
synthesized using mixtures of (4:1) sulfuric acid and nitric acid following Tchoul et al. 
procedure.85-87 A 20 mg of SWCNTs were added to 50 mL centrifuge tube followed by 
40 mL of DMF solvent. The mixture was sonicated in a water bath for 20 minutes at 50 
OC with a Bransonic Ultrasonic Cleaner. The suspension was then centrifuged, and the 
supernate was extracted through a pipette. The SWCNTs were washed first with distilled 
water then with methanol. Each step was followed by centrifugation and removal of the 
supernate using a pipette. The SWCNTs was next dispersed in 25 mL of mixture of (4:1) 
sulfuric acid and nitric acid and sonicated for one hour. The carboxylic oxidized 
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SWCNTs was washed with distilled water followed by methanol, and finally by DMF. 
Also, each step followed by centrifugation and extraction of the supernate using a pipette. 
The SWCNTs have dispersed again in DMF and sonicated for one hour. Using vacuum 
filtration with a 47 mm diameter polytetrafluoroethylene filter paper with a pore size of 
0.45μm and a fritted funnel, the oxidized SWCNTs was collected and dried in the oven 
overnight. 
4.4 Preparation of NTA-PEO-b-PS-b-PEO-NTA/SWCNTs Nanocomposites: 
 Two solutions were prepared. The first solution was prepared by mixing 0.05 g 
(50 mg) of PEO-b-PS-b-PEO triblock copolymers, 0.25 g (250 mg) of polystyrene 
average molecular weight (400,000), and 0.05 g (50 mg) of NTA-PEO-b-PS-b-PEO-NTA 
(ratio 1:5:1) by dissolving in 20 mL of DMF. The solution was stirred for 24 hours and 
sonicated for 1 hour. The second solution was prepared by mixing 0.05 g (50 mg) of 
PEO-b-PS-b-PEO triblock copolymers, 0.25 g (250 mg) of polystyrene average 
molecular weight (400,000), and 0.05 g (50 mg) of NTA-PEO-b-PS-b-PEO-NTA-Ni 
(ratio 1:5:1) dissolving in 20 mL of DMF (Table 1). The solution was stirred for 24 hours 
and sonicated for 1 hour. Based on the mass of solute in the second solution, 1 wt. % of 
oxidized SWCNTs were dispersed in 10 mL of DMF, sonicated for 1 hour and then 
added to the second solution. The mixture was stirred for 1 hour, sonicated for 1 hour and 
then stirred overnight. The mixture was precipitated into rapidly stirring cold methanol, 
filtered with a polytetrafluoroethylene (PTFE) filter using a fritted funnel and then dried 




Table 1. Blend compositions 












RESULTS AND DISCUSSION 
 
1. INTRODUCTION: 
Functional triblock copolymers products, poly(ethylene oxide)-poly(styrene)-
poly(ethylene oxide) (HO-PEO-b-PS-b-PEO-OH) and also functionalized with NTA, 
were characterized by 1H NMR, 13C NMR, and FT-IR spectroscopy. Current-voltage 
characteristic curves (I-V curve) of the NTA-PEO-b-PS-b-PEO-NTA/SWCNTs 
nanocomposites were carried out to determine if SWCNTs improve the electrical 
properties of the NTA-PEO-b-PS-b-PEO-NTA and NTA-PEO-b-PS-b-PEO-NTA-Ni. 
2. Synthesis of Triblock Copolymer Poly(ethylene oxide)-Poly(styrene)-Poly(ethylene 
oxide) conjugated with NTA: 
 Triblock copolymer poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) 
(HO-PEO-b-PS-b-PEO-OH) was earlier prepared and available in our research group.92 
Purification of the products were carried out using standard established procedures, 
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such as filtration and separation funnel, for functional polymer. The desired product, the 
NTA functionalized triblock copolymer, was obtained by the procedure outlined in 
Scheme 10. The yield was > 80%.  1H NMR, 13C NMR, FT-IR, TGA, AFM, DLS, and 
DSC were used to characterize the functionalized polymers. 
3. Characterization: 
3.1 FT-IR Spectroscopy: 
 FT-IR spectroscopy analysis is an effective method to identify functional groups 
and type of bonds that are present in the compounds before and after the reaction. 
Poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) with di-hydroxyl terminated 
group show a band  at 3400–3300 cm-1, which is the characteristic of the OH end group 
(Figure 11). The C-H stretching peak was observed at slightly higher than 3000 cm-1 due 
to the presence of aromatic C-H stretching. Moreover, at around 1495 cm-1 the bending 
vibration of methylene from the styrene moiety was observed.  
 The absorptions associated with the carbon-carbon double bond of the aromatic 
ring were at around1600 cm-1.  In the triblock copolymer, there were absorption peaks for 
the phenyl ring at 1400, 1500, and 1599 cm-1. The peaks at 710 and 770 cm-1 are from a 
single-substituted phenyl ring. Strong absorption peak at 1100 cm-1 assigned to the 




Figure 11. FT-IR Spectrum of PEO-PS-PEO 
In the FT-IR for NTA, OH absorption band can be detected at 3500–3300 cm-1, 
which is the characteristic of the OH end group from a carboxylic acid. The absorption at 
1734 cm-1 was for the carbonyl (–CO-) group. Moreover, the O–H bend was observed in 
the region 1440-1395 cm-1 and 950-910 cm-1 from the carboxylic acid. In addition, the 



















Figure 12. FT-IR Spectrum of NTA 
 The NTA functionalized triblock copolymer (Figure 13) shows the carboxylic 
acid O–H stretch in the region 3600-3280 cm-1, which is the characteristic of the NTA 
end group. The absorption at 1760–1740 cm-1 is for the carbonyl (–CO-) group. In 
addition, there was an observed C-H stretching peak at 3000 cm-1 due to the presence of 
aromatic C-H stretching.  
 At around 1495 cm-1 there is bending absorption due to the presence of methylene 
from polystyrene of the triblock copolymer. Furthermore, there were absorptions 
associated with carbon-carbon double bond of the aromatic ring at around 1600 cm-1. 
Peaks for the phenyl ring were observed at 1400, 1500, and 1599 cm-1. The peaks at 710 
and 770 cm-1 were from a singly-substituted phenyl ring. The strong absorption peak at 
1100 cm-1 was from the carbon-oxygen stretching (–O-C-C-). The absorption at 1743 cm-
1 is for the carbonyl (–CO-) group and another small peak at 1728 cm-1 for ester 















the carboxylic acid. In addition, the absorption peaks at around 1455 cm-1 and 1246 cm-1 
are for the C-N bond and also a sharp peak at around 965 cm-1 was observed for the C-N 
bond (Figure 13). 
 
Figure 13. FT-IR Spectrum of NTA-PEO-PS-PEO-NTA 
3.2 Nuclear Magnetic Resonance Spectroscopy: 
3.2.1 Proton Nuclear Magnetic Resonance Spectroscopy 1H NMR: 
 In the 1H NMR, spectrum (Figure 14) for the poly(ethylene oxide)-poly(styrene)-
poly(ethylene oxide) with di-hydroxyl terminated group, peaks were observed at 1.4 and 
1.8  ppm (CH2-CH)  from poly(styrene) in the triblock copolymer. In addition, from 
poly(ethylene oxide) there was a peak at around 3.6 ppm corresponding to (OCH2). The 
two broad peaks at around 6.7 and 7.1 ppm correspond to aromatic protons of the phenyl 

















Figure 14. 400 MHz 1H NMR Spectrum of Triblock copolymer Poly(ethylene oxide)-
Poly(styrene)-Poly(ethylene oxide) with di-hydroxyl terminated group 
 The 1H NMR spectrum (Figure 15) is for the NTA. The peak at 3.86 ppm 
corresponds to the methylene (CH2-N). The peaks at around 2.95 ppm, 3.10 ppm and the 




Figure 15. 400 MHz 1H NMR Spectrum of NTA 
The 1H NMR spectrum of NTA functionalized triblock copolymer is shown in 
Figure 16, 1H NMR spectrum confirms the presence of NTA at the polymer chain ends. 
Peaks at 1.4, 1.6 and 1.8 ppm (CH2-CH) were from the poly(styrene). The poly(ethylene 
oxide) block shows a peak at around 3.6 ppm corresponding to (OCH2CH2). The broad 
peaks at around 6.7 ppm and 7.1 ppm were from the phenyl ring. The peak at 3.9 ppm 
corresponds to (CH2-N) indicating that the NTA were conjugated to the triblock 




Figure 16. 400 MHz 1H NMR Spectrum of Triblock copolymer Poly(ethylene oxide)-
Poly(styrene)-Poly(ethylene oxide) conjugated with NTA 
  1H NMR is one of the most effective spectroscopic methods for identifying 
structures of any compounds, especially, when it compares between the starting materials 
used in the reaction and the new product that was a result from the reaction. The reaction 
between poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) with di-hydroxyl 
terminated groups and the NTA will result in new peaks being observed. In this reaction, 
the two hydrogen atoms on the OH-terminated groups on the poly(ethylene oxide)-
poly(styrene)-poly(ethylene oxide) reacted with OH atoms on the carboxylic group on the 
NTA. The peak of CH2 protons at 3.86 ppm on the NTA structure is shifted upfield upon 




Figure 17 demonstrates the peaks for the NTA show at 2.95 ppm, 3.10 ppm and 
the peak at around 8.02 ppm are corresponding to the DMF solvent. The overall 1H NMR 
spectral data suggest a successful reaction or conjugation of the NTA with the 








3.2.2 Carbon Nuclear Magnetic Resonance Spectroscopy (13C NMR): 
Figure 18 shows the 13C NMR spectrum of the poly(ethylene oxide)-
poly(styrene)-poly(ethylene oxide) with di-hydroxyl end groups. The polystyrene block 
shows two carbon peaks at 42 ppm corresponding to CH2 and 57 ppm corresponding to 
CH. The four carbon peaks from phenyl ring is observed around 145 ppm, at 127 ppm 
and at 125 ppm. Moreover, there is one carbon peak from the polyethylene oxide block at 
around 70 ppm which corresponds to the OCH2CH2. Finally, the peak at around 77 ppm 
is from the CDCl3 solvent (Figure 18). 
 
Figure 18. 100 MHz 13C NMR Spectrum of PEO-PS-PEO 
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 The 13C NMR spectrum for the NTA is shown in Figure 19. There is a carbon 
peak at around 55 ppm which is corresponding to the CH2-N group. In addition, there is 
carbon peak at around 172 ppm corresponding to the carboxylic acid carbonyl group. 
Lastly, another peak at around 40 ppm is from the DMF solvent (Figure 19). 
 
Figure 19. 100 MHz 13C NMR Spectrum of NTA 
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The 13C NMR spectrum of the NTA functionalized triblock copolymer is shown 
in Figure 20. The spectrum confirms the successful conjugation of the NTA to the 
triblock copolymer. For polystyrene, there are two carbon peaks at 42 ppm corresponding 
to CH2 and 57 ppm corresponding to CH. In addition, the carbons are observed between 
125 and 145 ppm. Furthermore, there is a carbon peak at around 55 ppm which is 
corresponding to -CH2-N- segment of the NTA. In addition, there are two carbon peaks at 
around 176 ppm corresponding to the carboxylic acid carbonyl group and another peak at 
around 163 ppm corresponding to the ester carbonyl group (Figure 20). 
 




3.3 Thermogravimetric analysis (TGA): 
 Thermogravimetric analysis (TGA) was used to characterize the decomposition 
behavior, and thermal stability of triblock copolymer poly(ethylene oxide)-poly(styrene)-
poly(ethylene oxide) with di-hydroxyl terminated group and poly(ethylene oxide)-
poly(styrene)-poly(ethylene oxide) conjugated with NTA. 
 Figure 21 shows the thermal stability is higher of the triblock copolymer 
poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) with di-hydroxyl terminated 
group than the NTA functionalized polymer for temperatures between 50- 340 ○C. The 
onset of the decomposition started at around 350 ○C and the final decomposition 
temperature was followed by a much steep loss of weight as heating continued at 410 ○C. 
Furthermore, the total loss of the weight was 95% of the sample and 5% left behind under 
analysis when heating was terminated at 900 ○C. 
 
Figure 21. TGA thermogram of poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) 
with di-hydroxyl terminated group 
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Figure 22 TGA thermogram of triblock copolymer poly(ethylene oxide)-
poly(styrene)-poly(ethylene oxide) conjugated with NTA functionalized groups sample 
shows less stability with small loss of the weight 3% between the temperatures 50- 150 
○C. In addition, another gradual decrease in weight as sample is heated further marked a 
loss in weight around 10% of the sample between 200 °C and 250 °C. This loss can be 
attributed to the decomposition of the NTA. 
 Moreover, significant loss of weight 80% of the sample was observed between 
the temperatures 320-450 °C which is lower loss of weight compared with the precursor 
polymer. Finally, another 10% loss of weight 10% was observed around 850 °C.  
 
Figure 22. TGA thermogram of poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) 
with NTA functionalized groups 
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3.4 Atomic Force Microscopy (AFM): 
 Atomic force microscopy provides excellent surface structural data at the 
nanoscale. The surface AFM images may be used to determine not only the preparation 
of new products but also the organization of novel products. 
 Figure 23 displays the AFM image for the surface of drop-cast film of precursor 
triblock copolymers of poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide). The 
image exhibits the formation of well-organized balls or drops or spherical structures. The 
surface structures of these nanoparticles were porous. Average height was ~ 46 nm, the 
width was ~ 61 nm, while the base is over 1 um long and the average diameter of the 
nanoparticles were ~ 138 nm.90 
 
Figure 23. AFM Image of PEO-PS-PEO (a) 457 nm, (b) 2.2 um prepared by spin casting 
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 Figure 24 manifests the AFM image of a surface prepared of a drop-cast film of 
the triblock copolymers of poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) 
conjugated with NTA. The image displays well-organized and aggregates of small 
spherical and which were porous. Average height was ~ 8 nm, the width was ~ 15 nm, 
while the base is over 1 um long and the average diameter of the nanoparticles were ~ 73 
nm. 
 
Figure 24. AFM Image of NTA-PEO-PS-PEO-NTA prepared by spin casting 
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3.5 Dynamic Light Scattering (DLS): 
 The hydrodynamic radius of the synthesized NTA-PEO-PS-PEO-NTA and the 
starting polymer material PEO-PS-PEO were determined by dynamic light scattering 
using DMF and DMSO as solvents. The concentration that utilized for the measurement 
was 1mg/ml. DLS measures the size distribution profile of the polymer in solution and 
the translational diffusion coefficients Dt by determining the number of dynamic 
fluctuations in scattered light. By using the hydrodynamic radius rh, or the hydrodynamic 
diameter dh, the size distributions of the polymer in solution can be determined. In Figure 
25 the size distribution of the precursor PEO-PS-PEO triblock copolymer exhibited 
average radius of the particles ranged between 36-38 nm, whereas in Figure 26 the size 
distribution of NTA-PEO-PS-PEO-NTA composite showed that the average radius of the 
particles were between 34-36 nm. 
 























Figure 26. Size distribution of NTA-PEO-PS-PEO-NTA 
3.6 Differential Scanning Calorimetry (DSC): 
 When using differential scanning calorimetry (DSC), it is possible to investigate 
thermal properties of polymers and block copolymers. DSC thermograms of block 
copolymers can provide information regarding the presence of two or more phases or 
multiphase nature of the matrix. The DSC thermograms may also provide the 
morphological differences on functionalization of precursor polymers. DSC thermograms 
of the starting triblock copolymer poly(ethylene oxide)-poly(styrene)-poly(ethylene 
oxide) with di-hydroxyl terminated groups was compared with the triblock copolymer 
poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) conjugated with NTA. The DSC 
studies were carried out over the temperature between 25 °C to 200 °C. Figure 27 shows 






















poly(styrene)-poly(ethylene oxide) with di-hydroxyl terminated groups. The glass 
temperature Tg of the polymer displayed around ~ 90 °C corresponds to the polystyrene 
block. The melting temperature at approximately ~ 48 °C corresponds to the 
poly(ethylene oxide) block. The observation of two thermal transitions for the polymer 
indicates the formation of a microphase separated system.91 
 
Figure 27. DSC thermogram of poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) 
(PEO-b-PS-b-PEO) with di-hydroxyl groups 
 Figure 28 displays the DSC thermogram of the triblock copolymer poly(ethylene 
oxide)-poly(styrene)-poly(ethylene oxide) conjugated with NTA. The glass temperature 
Tg of the polystyrene block is observed around ~ 95 °C and the melting temperature for 
the poly(ethylene oxide) crystalline phase is ~ 48 °C. The observation of both the Tg and 
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Tm indicates the formation of a microphase separated polymer matrix. Additionally, the 
NTA functionalized polymer also exhibits a sharp transition at 225 °C, representing the 
melting and/or decomposition of NTA. The NTA chelating agent has a melting 
temperature is around 250 °C.92 
 
Figure 28. DSC thermogram of copolymer poly(ethylene oxide)-poly(styrene)-




4 Binding of metal ion Ni2+ to NTA Functionalized end groups of the triblock 
copolymer: 
 After nickel(II) was bound to NTA of the triblock copolymer, the complex was 
investigated by UV-Vis spectroscopy to determine the efficiency of the of the nickel 
metal ion Ni(II) binding. The binding study was carried out with a solution of (NTA-
PEO-b-PS-b-PEO-NTA) (1 mg/ 5 ml) prepared with spectrophotometric grade DMF. 
4.1 Ultraviolet-Visible Spectroscopy (UV-Vis): 
The electronic transitions of molecules may be determined by studying the 
absorptions of the molecules in the Ultra-Violet and visible region. The atoms or the 
molecules can absorb or reflect radiation in the ultraviolet-visible UV-Vis spectral region 
of the electromagnetic spectrum. By using the Beer Lambert’s law UV-Vis spectroscopy 
may be used to study the concentration of the molecule structures in solution. Samples of 
NTA functionalized end group (NTA-PEO-b-PS-b-PEO-NTA) with Ni(II) were 
dissolved in DMF and analyzed by UV-Vis spectroscopy. Figure 29 shows the UV-Vis 
spectrum of a Ni(II) solution (Figure 31). The maximum wavelength of absorption in the 
Ni(II) solution, λmax is observed at ~ 407 nm.
93 
Figure 30 shows the UV-Visible spectrum of NTA functionalized polymer (NTA-
PEO-b-PS-b-PEO-NTA) with Ni (Figure 32), λmax2 is observed at ~ 646 nm. In addition, 
the absorbance peak of Ni(II) metal ion still existence, but shifted at around λmax1 ~ 440 
nm which experiences a slight shift due to the polarity of the solvent. The absorption 
peaks at λmax1 and λmax2 are characteristic for hexacoordinated Ni(II).
103 The absorbance 
peak seen at around ~ 646 nm is attributed to the NTA functionalized end groups in 
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triblock copolymer poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) copolymer 
(NTA-PEO-b-PS-b-PEO-NTA). This confirms that NTA triblock copolymer is effective 
in binding with Ni(II).94, 95 
 
























Figure 30. UV-Vis spectrum of NTA-PEO-PS-PEO-NTA with Ni 
 

























Figure 32. NTA-PEO-PS-PEO-NTA-Ni complex 
4.2 FT-IR Spectroscopy: 
 Figure 33 shows the OH absorption peak at 3400-3300 cm-1 disappeared due to 
the interaction of the NTA functionalized polymer with the Ni ion metal. The absorption 
at 1740– 1760 cm-1 is for the carbonyl groups (–CO-) of ester still exist. In addition, there 
is an observed C-H stretching peak at 3000 cm-1 due to the presence of aromatic C-H 
stretching.  
 Moreover, at around 1495 cm-1 there is bending absorption due to the presence of 
methylene from polystyrene block of the triblock copolymer. The peaks at 710 and 770 
cm-1 are caused from a single-substituted phenyl ring; simultaneously, the strong 
absorption peak at 1100 cm-1 for the C-O stretch is also observed. Furthermore, there is a 
sharp peak at around 1563 cm-1 for (C-O-O) for the ester. In addition, the absorption 
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peaks at around 1455 cm-1 and 1246 cm-1 are for the C-N bond and along with sharp peak 
at around 965 cm-1 for the C-N bond.101, 102 
 
Figure 33. FT-IR Spectrum of NTA-PEO-PS-PEO-NTA-Ni 
5. Oxidation of SWCNTs: 
 In order to decrease aggregation of the SWCNTs and to obtain a uniform 
dispersion throughout the NTA-PEO-PS-PEO-NTA composite, SWCNTs was oxidized 
using established procedures.85-87 Lightly oxidized SWCNTs permit the formation of 
composites with better dispersion of the SWCNTS within the matrix.
86 
5.1 FT–IR spectroscopy of SWCNTs: 
  Figure 34 exhibits comparative FT–IR spectra for the pristine SWCNTs and 
oxidized SWCNTs prepared by treatment with nitric acid. FT–IR spectroscopy confirms 















around 3400 cm-1 from the carboxylic acid functional group and the carbonyl group C=O 
is observed at around 1736 cm-1. Finally, there is OH bending peak show around 1400 
cm-1.89 
 
Figure 34. FT-IR Spectra of (a) Pristine SWCNTs and (b) Oxidized SWCNTs 
6. Preparation of NTA-PEO-b-PS-b-PEO-NTA/SWCNTs Nanocomposites: 
6.1 Four Point Probe Electrical Resistivity Measurement: 
Using four probes technique or Kelvin Sensing method it is possible to investigate 
the electronic behavior of materials. The four probes technique provides current-voltage 




















Sensing method consists of four probes. The two inners probes are connected to the 
voltage to sense the current source. The two outer probes are connected to the current to 
source the current and stimulate the system (Figure 35). In addition, the four probes are 
perpendicular on the silicon wafer onto which the sample is drop cast forming thin film. 
The surface morphology of the film has been characterized by AFM and is discussed in 
earlier sections. 
 
Figure 35. Scheme of four probes or Kelvin Sensing method 
 Figure 36 displays the I-V plot of blend 1 which consists of PEO-b-PS-b-PEO/ 
PS/ NTA-PEO-b-PS-b-PEO-NTA with the ratio 1:5:1. The I-V plot exhibits a nonlinear 
or non-ohmic characteristic curve, which confirms the semiconductor behavior of the 




Figure 36. The I-V plot of Blend 1 with a nonlinear curve 
Figure 37 displays the I-V plots of blend 2 without protein and blend 3 with 
protein with the protein His-6. Blend 2 comprises of PEO-b-PS-b-PEO/ PS/ NTA-PEO-b-
PS-b-PEO-NTA-Ni with ration 1:5:1 and 1% of oxidized SWCNTs. The I-V plot shows 
an ohmic or linear characteristic curve, which indicates the conductor behavior of the 
blend 2 due to the presence of SWCNTs. However, the I-V plot of blend 3 shows 
deviation from linearity because of the presence of the protein (ZIC2) in the solution that 
influenced the charge transport behavior of the carbon nanotubes embedded in the 
polymer matrix.97-99 This observation suggests that the binding of the protein results a 
transduction of an electrical signal. Therefore, the NTA functionalized polymer doped 





















































 In this study, poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) with di-
hydroxyl functionalized end groups (HO-PEO-PS-PEO-OH) was conjugated with 
nitrilotriacetic acid (NTA). The conjugation was carried out via esterification reaction by 
using DCC and DMAP reagents with DMF as the solvent at 80 ○C. The conjugated 
polymer was characterized and structure confirmed by 1H NMR, 13C NMR and FT-IR 
spectroscopies. 
  Thermogravimetric analysis was carried out to study the thermal stability of the 
starting triblock copolymer poly(ethylene oxide)-poly(styrene)-poly(ethylene oxide) with 
di-hydroxyl terminated groups (HO-PEO-PS-PEO-OH) and the new conjugated polymer. 
The NTA conjugated triblock copolymer showed the decomposition of the NTA at 
around ~ 230 ○C which was also supported by DSC studies. Both spectroscopic and 
thermal studies suggest successful conjugation. Additionally, the morphologies of the 
(HO-PEO-PS-PEO-OH) and (NTA-PEO-PS-PEO-NTA) were studied by atomic force 
microscopy and AFM images showed changes in the diameter, size and the shape of the 
particles upon conjugation. The size distributions of the precursor triblock copolymer and 
NTA conjugated polymer were studied by DLS. DLS studies showed that conjugation 
changes the particle size compared to the starting triblock copolymer. Binding studies for 
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the conjugated polymer with metal ion Ni(II) was carried out by Ultraviolet-Visible 
spectroscopy (UV-Vis). Binding of the Ni(II) metal to the polymer showed a red shift due 
to the polarity of the solvent with hyperchromic effects that increased in intensity. 
  The electronic behavior of the PEO-b-PS-b-PEO/ PS/ NTA-PEO-b-PS-b-PEO-
NTA (blend 1) and PEO-b-PS-b-PEO/ PS/ NTA-PEO-b-PS-b-PEO-NTA-Ni containing 
1% of SWCNTs (blend 2) was investigated by I–V plots from Kelvin sensing. The I-V 
plot showed a nonlinear or non-ohmic characteristic curve for blend 1 which suggests 
semiconductor behavior. The I-V plot for blend 2 containing 1% SWCNTs shows linear 
or ohmic behavior. The I–V plots before sensitizing with the protein (ZIC2) varied from 
the I–V plots after binding with protein (ZIC2). The current-voltage characteristics 
indicated a change in behavior when bound to (ZIC2). The study has successfully 
developed a method for preparing NTA functional polymer NTA-PEO-PS-PEO-NTA 
which efficiently binds to metal ion Ni(II). The NTA-Ni(II) polymer has been 
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